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Many bats use bio-sonar to navigate. How they do so is unknown. The ability to estimate flight distance is a basic prerequisite for navigation. Aharon et al.
show that bats use internal movementbased information to navigate without a need for external sensory input. Namely, bats do not need acoustic landmarks or flow to estimate how far they flew. SUMMARY Navigation can be achieved using different strategies from simple beaconing to complex map-based movement [1] [2] [3] [4] . Bats display remarkable navigation capabilities, ranging from nightly commutes of several kilometers and up to seasonal migrations over thousands of kilometers [5] . Many bats have been suggested to fly along fixed routes termed ''flyways,'' when flying from their roost to their foraging sites [6] . Flyways commonly stretch along linear landscape elements such as tree lines, hedges, or rivers [7] . When flying along a flyway, bats must estimate the distance they have traveled in order to determine when to turn. This can be especially challenging when moving along a repetitive landscape. Some bats, like Kuhl's pipistrelles, which we studied here, have limited vision [8] and were suggested to rely on bio-sonar for navigation. These bats could therefore estimate distance using three main sensory-navigation strategies, all of which we have examined: acoustic flow, acoustic landmarks, or path integration. We trained bats to fly along a linear flyway and land on a platform. We then tested their behavior when the platform was removed under different manipulations, including changing the acoustic flow, moving the start point, and adding wind. We found that bats do not require acoustic flow, which was hypothesized to be important for their navigation [9] [10] [11] [12] [13] [14] [15] , and that they can perform the task without landmarks. Our results suggest that Kuhl's pipistrelles use internal self-motion cues-also known as path integration-rather than external information to estimate flight distance for at least dozens of meters when navigating along linear flyways.
RESULTS AND DISCUSSION
The first and probably most straightforward strategy for estimating traveled distance is recognition of specific landmarks (e.g., visual [16] [17] [18] [19] ) along the flyway. Likewise, many natural objects generate recognizable echoes [20] [21] [22] that can be used as acoustic landmarks [23] . A bat could then use a route-following navigation strategy [24] , changing its movement direction at the locations of specific acoustic landmarks.
Relying on acoustic flow is a second sensory strategy that has been suggested for estimating flight distance by bats [9, 10, 15] . Acoustic flow includes any incoming information created by the bat's movement relative to the acoustic scene. When flying past a physical object, a bat can sense changes in the frequency, amplitude, and direction of the echoes returning from the object [25] . In its statistical sense, acoustic flow refers to the non-calibrated change in any of these acoustic parameters. By ''noncalibrated'' we mean that the flow cannot be analytically translated into absolute distance, but it can be learned by the animal to represent a certain distance. With statistical acoustic flow, changing the statistics of the physical reflectors (e.g., the distances between them) would lead to errors in distance estimation. Such errors have been demonstrated in the visual modality in bees [26] [27] [28] , ants [29] , and humans [30] , who rely on optic flow to estimate traveled distance.
Acoustic flow could also be used analytically by bats. Unlike statistical flow, in which the bat has to learn that ''x'' flow accounts for traveling ''y'' meters, analytic acoustic flow can be used to estimate the absolute (calibrated) change in distance of background objects, and this can be translated into absolute traveled distances [9, 10] . A bat could estimate the distance of an object it passes using the time delay between emission and echo. It could then assess the change of absolute distance of a specific object and estimate its flight speed or traveled distance accordingly. When relying on analytic flow, changing the arrangement of the reflectors along the route should not affect distance estimation, because the bat can measure the absolute calibrated distance to any object within its sonar range. Two recent behavioral studies showed that bats flying along a corridor adjust their distance to the lateral walls depending on their texture, a result that might be interpreted as a response to differences in acoustic flow [11, 14] . Two additional studies found that neurons in the auditory cortex of anesthetized bats encode complex information about the spatial position of a target in relation to the bat's movement [12, 13] . Such neurons could take part in processing acoustic flow.
A third strategy to estimate the traveled distance is path integration, also known as ''dead reckoning'' [31] . Path integration is defined as the ability to compute one's location relative to some starting point solely by using integration of self-motion. Path integration is known to be used by desert ants [32, 33] , birds [34, 35] , mammals [36] [37] [38] , and humans [39] when external sensory cues are minimal. Most researchers actually consider navigation based on optic flow as a form of path integration because no salient landmarks are used [40, 41] . In its extreme, path integration allows animals to navigate without any external sensory information, by continuously integrating information generated through locomotion. Some potential internal cues include [42, 43] acceleration sensed by the vestibular system, proprioceptive cues (feedback from muscles, joints, and tendons), motor corollary discharge, and energy expenditure. For these cues to be translated into distance, they must be integrated over time; hence, some estimate of time is required.
We studied Kuhl's pipistrelle (Pipistrellus kuhlii)-a small (6-8g) bat that uses frequency-modulated echolocation calls to navigate and catch insects in flight [44] and is characterized by poor vision [8, 45, 46] . Four bats flew in a 40-m-long, 2.3-mwide, and 2.4-m-high corridor with polyethylene walls and a dirt floor ( Figure S1 ). The corridor was a segment of a longer corridor that we blocked with tulle mesh at both sides. Acoustically reflective, cylindrical, plastic poles (1.7 m height and 3 cm diameter) were placed along both of the lateral walls (40 cm away from the walls; Figure 1A ) at constant intervals, producing loud echoes that could facilitate navigation (echo intensity was $65 dB sound pressure level [SPL] at the bat's ears; Figure S1 ). Up to 15 large plastic corner reflectors (50 3 50 3 50 / 2 cm 3 internal volume) were randomly spread on the floor ( Figure S1 ). Both the positions and the exact number (10-15) of corner reflectors were dramatically varied on each trial to eliminate the use of reliable acoustic landmarks (other than the cylindrical poles). The light level in the corridor was <5 3 10 À6 lux and thus completely dark for these bats [45] . Bats were trained to collect food from a platform placed 20 m down the corridor exactly in the middle between the lateral walls. The reflective poles in the training trials were equally spaced every 150 cm on the lateral sides of the corridor ( Figure 1A ). After 3 weeks, the same training continued, but test trials in which the platform was removed (and no reward was given) were randomly introduced between training trials (averaging one test trial for every four training trials). In these test trials, the available navigational cues were altered to test the use of (1) statistical and analytic acoustic flow, (2) path integration, and (3) landmarks.
To test statistical acoustic flow, we flew bats in three conditions: increased flow (''high''), decreased flow (''low'') and unchanged flow (''control'')-with poles separated by 75 cm, 300 cm, and 150 cm, respectively ( Figure 1A) . In all three conditions, the platform was removed and the bat's movement was tracked to determine where it searched for the platform (see STAR Methods). Notably, flight speed was roughly the same across the different acoustic-flow conditions (Table S1) ; moreover, bats reached maximum flight speeds of 6.1 ± 1.0 m/s (mean + SD for four bats in the control test; Figure S2 ), similar to their foraging speeds in the wild [47] . The results of the control test trials, in which the poles were separated as in the training trials (150 cm apart), showed that bats correctly estimated the original position of the platform even when it was not present (Figures 1D-1E, black) . The trained bats immediately flew to the usual location of the feeding platform (20 m down the corridor) and kept on flying back and forth around the spot of the now-absent platform. On average, bats searched at 18.0 m from the start point ( Figures 1D-1E, black) . If bats relied on statistical acoustic flow, they would be expected to shift their searching location; i.e., when flow was doubled, they should have searched at half the distance to the original platform, and when flow was halved, they should have searched twice as far ( Figure 1B , blue and red, respectively). However, none of the bats showed this pattern. Instead, the bats kept searching for the platform around the same location regardless of the change in acoustic flow (Figures 1D-1E ; note the similarity of searching locations for black, blue, and red). The mean searching location for the high and low acoustic flow did not differ significantly from the control condition (t test: p > 0.3 for the group; permutation t tests for three individuals in both high and low conditions: p > 0.06; notably, one bat differed in the high acoustic-flow condition, but in the wrong direction-it searched farther than in the control [ Figure 1E , bat 4, blue]). The control test trials were also used for comparison in all of the following experiments ( Figures  2, 3 , and 4).
The bats' behavior suggests that they were not relying on statistical acoustic flow, but they could have still been relying on analytic acoustic flow. To test this, we flew bats in the corridor after removing all of the poles (Figure 2A ). Under this condition, too, the bats continued to search for the platform at its original position-at 20 m-suggesting that the poles were not necessary for estimating flight distance ( Figure 2C ). The searching location did not differ significantly from the control condition (t test: p = 0.78 for the group; permutation t tests: p > 0.81 for all three individuals; one bat died before completing this condition; the control data here are the same as in Figure 1 ).
To thoroughly exclude the possibility of using ground or wall landmarks, we conducted another experiment. We shifted the entire experimental segment of the corridor by 10 m inside the longer corridor ( Figure 2D ) and removed the platform. If the bats were using some unnoticeable landmark (e.g., a slight deformation of the wall), these landmarks would have indicated a 10 m expected distance from the new release point-as opposed to a 20 m expected distance under a path-integration strategy. The bats shifted their searching location by $10 m relative to the control treatment, concentrating their search 20 m from the new release point-consistent with a path-integration strategy, but inconsistent with the usage of any fixed landmark ( Figure 2F , compare green and black; the cylindrical poles in this condition were 150 cm apart). The mean searching location in this experiment ( Figure 2F , green) was 27.7 m from the entrance of the original corridor, i.e., 9.7 m farther than the control condition; this difference was highly significant (t test: p = 0.0008 for the group; permutation t tests: p < 0.001 for all four individuals). Importantly, the bio-sonar detection range of the start and end tulle walls was estimated to be <12 m (probably less, see STAR Methods), so the bats could not have relied on these tulle walls as a landmark when flying back and forth around the middle of the corridor (the bats' searching segment rarely reached within 12 m of the tulle walls; see additional control analysis in Figure 4 and Table S2 ). Altogether, our results strongly imply that the bats were relying on idiothetic (self-motion) cues in order to estimate the distance flown along the corridor.
One testable prediction of the path-integration strategy is that when moving faster, an animal will overestimate the position of the target (provided that it does not know its exact speed)-i.e., will search for the target farther than usual. To increase flight speed variability, we flew the bats with a 1.5 g weight on their back, assuming that they might deal with the extra weight by changing their speed [47, 48] (in these test trials, poles were 150 cm apart). Bats flew 0.5 m/s (or 16%) faster on average with the extra weight. Indeed, the bats overestimated the distance of the platform when flying faster: there was a significant positive correlation between their speed and searching location ( Figure 3A , circles and asterisks; Pearson correlation: R > 0.50, p < 0.05 in all four bats). Importantly, a significant correlation between the searching location and the speed was also found when the bats flew without additional weight (Figure 3A , asterisks; Pearson correlation: R > 0.63, p < 0.05 in all four bats), strongly suggesting that the overestimation was not some artifact of the extra weight. We also measured the position at which bats started decelerating toward their turning point, in order to control for the possibility that when flying faster, the bats took longer to stop, thus creating a seemingly farther show the bats' release points for the experiments with the original (black) and shifted corridor (green). Green lines in (E) depict the prediction for the path-integration strategy in the shifted corridor. In both (C) and (F), the black bars depict the same control trials as in Figure 1 , which serve as a reference for where the bat learned the position of the platform. The center of the searching location was defined as the mean of all turning points, and the width was defined as the mean distance between two consecutive turning points (STAR Methods). The vertical gray dotted line marks the original platform position at 20 m in all panels. See also Table S2. search. There was a significant correlation between flight speed and the point at which bats started decelerating ( Figure 3B , circles and asterisks; Pearson correlation: R > 0.53, p < 0.003 in three bats; R = 0.55, p = 0.1 in the bat that died and completed only two-thirds of the trials). The same result was found also when we split the data into the 50% slowest flights versus the 50% fastest flights (Figures 3C and 3D ). These analyses suggest again that the bats overestimated the position of the target, which is consistent with a path-integration strategy.
To further support the use of path integration, we performed another experiment in which we trained four new bats on the same task but tested them under mild wind (0.8 ± 0.4 m/s) blowing down the corridor toward the release point (with poles on both lateral sides; STAR Methods). If they relied on internal self-motion cues, the bats were expected to search closer to the beginning of the corridor in the wind condition. On average, the bats indeed searched 5.6 m closer than in the control condition (Figure 4A , examples; Figure 4B , group-note that the gray bars [wind] are closer than the black bars [control]; t test: p = 0.0009 for the group; permutation t tests: p < 0.03 for all four individuals). A similar result was observed when we separately analyzed the turning points in each of the two flight directions Only the deceleration points toward the end of the corridor were used in this figure (as averaging the deceleration points in both directions would nullify the effect). Thus, the deceleration points appear after the mean searching points but before the end of the searching segment. The same pattern was obtained for the deceleration points in the opposite direction-there was a significant correlation between speed and deceleration in all bats (Pearson correlation: p < 0.05, R > 0.46 in all four bats). All bats decelerated later in this direction too, although two bats were only nearly significant (t test: p = 0.06 for the group; permutation t test: p < 0.05 for two individuals, p = 0.08 for the other two). See also Table S2 .
( Figure S3 ). The wind condition strongly suggests that the bats were not using analytic flow, because their ability to estimate absolute distance was not expected to change under the wind condition if they were using analytic flow. By contrast, these results are consistent with the path-integration strategy.
Lastly, the flight trajectories of bats without wind (e.g., Figure 1D) suggest that throughout the trial, the bats were gradually shifting their search toward the end of the corridor. To quantify this, we estimated the searching locations in the original four bats, but this time after each bat flew accumulatively increasing total distances within a trial (between 0 and 80 m). Namely, whereas in the previous analyses we took the mean searching location for the entire trial, here we estimated the searching location within a trial after the bat flew accumulatively 0-20, 20-40, 40-60, or 60-80 m. We ran this analysis twice: (1) when the bat could not sense one of the tulle walls (i.e., it flew e.g., 20-40 m accumulatively without coming within 12 m from these walls) and (2) when the bat came close enough to sense these walls. This allowed us to examine whether the bats changed their behavior when sensing the tulle walls, which could potentially serve as reliable landmarks for the bats' position within the corridor. Indeed, the bats gradually shifted their searching location-the mean location moved from 17.1 to 23.7 m within a trial ( Figure 4C , solid line; Kruskal-Wallis test with Tukey post hoc test: p = 0.006). Bats exhibited this shift even when encountering the tulle walls ( Figure 4C , dashed line), strongly suggesting that this shift was intentional. Whenever approaching the tulle walls, the bats knew their position and could reset any accumulated error-suggesting that the shift was intentional rather than a result of error. This strategy did not change under the different experimental conditions ( Figure S3 ; p > 0.18, two-way mixed-design ANOVA followed by Bonferroni post hoc test)-except for the wind condition. Notably, the searching location in the wind experiment often drifted the other way around-toward the beginning of the corridor ( Figure 4A )-which is inconsistent with the use of landmarks or analytic acoustic flow. However, this drift is consistent with path integration, because the bat would integrate higher speeds downwind than against the wind, and thus the turning points should drift downwind over time-as we indeed found ( Figure 4A) . Importantly, the trials in which the bats always turned far from the tulle walls, never encountering them ( Figure 4C , solid line), suggested that they can fly accumulatively up to $70 m without encountering a landmark or using acoustic flow and still search for the platform around its original location. These bats can thus maintain accurate linear path integration when flying at least 70 m (equivalent to at least 30 s).
In conclusion, our results strongly suggest that bats use internal self-motion cues, also known as path integration, when navigating over dozens of meters along linear flyways, rather than on external sensory information. The best-studied example of a path-integration navigator is the desert ant (Cataglyphis fortis), which navigates in the flat salt planes of the Sahara desert. After arriving at the estimated location of the nest using path integration, the desert ant uses a systematic search strategy [33] , gradually increasing its searching radius. Similarly to the desert ant, the bats' searches were characterized by flying back and forth around the estimated location of their target. Unlike the desert ant, the bats gradually shifted their center of search farther toward the end of the corridor (Figures 1D and 4C ). This was a reasonable strategy as the bats were always released from one end of the corridor and shifted their search toward the other end, thus gradually focusing their search around a farther point. Because path integration rapidly accumulates errors [49] , it will often be used in combination with other strategies, which rely on external sensory information, to ''reset'' the error [50] [51] [52] . Had we provided our bats with reliable external information (e.g., stable acoustic Figure S3 for the other conditions. Two cases are shown: the dashed line indicates when the bat came within the detection range of the start or end tulle walls, and the solid line indicates when the bat did not encounter the tulle walls. The mean ± SEM of all four bats is shown. To ascertain that the bats could sense the end tulle walls, we ran the same analysis but this time assumed a 5 m sensing range, and we got the same results of a gradually shifting searching location. See also Figure S3 and Table S2. landmarks), they would have most likely used these landmarks together with or maybe instead of path integration.
Interestingly, the bats did not use statistical acoustic flow, which was commonly hypothesized to be used by bats navigating along linear landscape elements [9] [10] [11] [12] [13] [14] [15] . It is also very unlikely that they used analytic acoustic flow because (1) if they had done so, there should not have been a correlation between flight speed and searching location-contrary to our results (Figure 3A) -and (2) if they had used analytic acoustic flow, the bats should not have changed their searching location when flying in wind-contrary to our findings ( Figure 4B) .
Importantly, the bats relied on internal self-motion cues even when flying in a rich echoic environment that could have provided plentiful acoustic flow. The poles and corner reflectors were present in the control and wind test trials, but the bats kept relying on internal cues in both conditions, as suggested by the correlation between their speed and searching location and by the drift toward the release point in the wind condition. The cylindrical poles positioned along the corridor generated salient acoustic flow ( Figure S1 ). These poles were highly reflective and easily separable in space, which should have made the use of acoustic flow in our setup easier than in typical natural outdoor situations (where multiple reflectors are much harder to separate)-and yet the bats seemed to have completely ignored the cylindrical poles. One possible explanation is that acoustic flow in a multiple-object situation is difficult to process. In contrast to vision-where the high angular resolution allows computing a visual-flow map-in acoustics, translating the difference between two consecutive echo trains (returning from two sonar emissions) into an acoustic-flow map is non-trivial in the presence of multiple reflectors.
Several findings suggest that our bats were integrating time to estimate traveled distance. When flying faster, the bats searched for the platform at a farther location, as expected if they integrated time. This also suggests that they did not have an accurate estimate of their flight speed. For example, a bat aiming to fly at 2.5 m/s but underestimating its speed by 15%, and thus actually flying at 2.9 m/s, would search for the platform $3 m farther (2.9 / 2.5 3 20 m z 23 m). Indeed, when comparing the 50% fastest flights to the 50% slowest flights, we observed that on average the bats flew 26% faster (3.4 versus 2.7 m/s) and searched 30% farther down the corridor (23.0 versus 17.6 m)-almost precisely like the quantitative prediction for path integration. If the bats were estimating energy expenditure (as has been suggested for bees [53] ) or ''counting'' wingbeats (akin to ants that have been suggested to count steps [4] ), then they would have searched closer when flying faster (contrary to our findings, Figure 3A )-because both energy expenditure and wingbeat rate increased when bats flew faster (see measurements in the STAR Methods).
Finally, in our experiments, we only tested flight in a straight trajectory, and path integration is renowned for its tendency to accumulate error when an accurate estimation of turning angles is required. Therefore, it is still an open question whether bats rely on path integration when not flying along linear landscape elements. Importantly, we demonstrated that bats use accurate linear path integration over distances of at least 70 m and flight times of at least 30 s-rivaling any mammalian species for which path integration has been demonstrated so far.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
METHOD DETAILS Experimental setup and procedure
Training and experiments took place in a 40-m-long, 2.3-m-wide, and 2.4-m-high corridor with polyethylene walls. The corridor was a segment of a longer corridor that was blocked at both lateral sides with tulle mesh. Two experimenters were present in the corridor at all times, standing on both ends of the corridor at the corner of the tulle walls. Inside the corridor, reflective plastic cylindrical poles 1.7 m high and 3 cm in diameter were placed along both side walls (40cm away from the walls toward the center of the corridor, Figure S1) . Training started immediately after capture. Four bats were trained in the first round of experiments (i.e., all conditions except for the wind). One bat died before completing the 'flying with weight' and the 'poles removed' conditions. The other bats were released at the end of the experiment.
Wind experiments
Four new bats were caught in the same location and trained following the same procedures as indicated above (this experiment was performed several months after the main experiment). The setup was identical to the previous one with corner reflectors and reflective poles, but because we observed that the distance between the poles did not affect the bats' navigation, we trained (and tested) the bats with poles 300 cm apart to ease the assembly of the setup before each session. After training, the bats were flown in two testconditions: control (no platform and poles every 300 cm) and wind in which 0.8 ± 0.4 m/s wind was blowing down the corridor. The wind was produced by a commercial fan (Euromme EM36, Munters) positioned 10 m beyond the end of the corridor blowing wind toward the bats' release point so that the bats first experienced head wind and then tail wind after turning. Trials of these two test conditions were randomly spread between training trials in which the platform was present. Data from 15-25 trials were collected per bat and per condition. In a few trials, the bats did not show any searching behavior when the wind was blowing and they gradually flew to the end of the corridor without turning. We excluded these trials from any further analysis as the bats did not search. Such trials were only observed in the wind condition and were probably a result of the bats' difficulty to fly in wind. Wind was measured at the middle of the corridor using a Kestrel 4500 flow meter.
Audio recordings and movement tracking
The bat's movement was tracked using a microphone array. Nine ultrasonic microphones (Knowles FG series, Avisoft Bioacoustics) were positioned in a line down the center of the corridor (on the floor) 5 m apart (0-40 m) embedded in foam to reduce echoes. Audio was sampled and recorded using a 12-channel A/D converter (UltraSoundGate 1216, Avisoft Bioacoustics) with a sampling rate of 250,000Hz. The recording was activated by the experimenter when the bat was released at the beginning of the corridor and was turned off when the trial ended. Audio recordings were used to reconstruct the flight trajectories using our in-house 'Batalef' software written in MATLAB (Mathworks, 2016b). The software automatically detected echolocation calls. To localize the bat's position along the corridor, we calculated the time-differences-of-arrival of the same call at two consecutive microphones. The bats flew in the center of the corridor in all of the experimental conditions; the distribution of distance from the mid-line did not significantly differ from the control in any treatment (p > 0.23 for all bats in all conditions, Kolmogorov-Smirnov test, Figure S4 ). We therefore assumed that the bats flew exactly at the mid-line and it was therefore enough to use two microphones in order to estimate their 1D position along the corridor (we assumed a constant flight height of 1.4 m based on preliminary observations during training). After estimating the bat's position at each echolocation call (18 times per second on average) we interpolated the trajectory (using linear interpolation) so that it had an even 100Hz sampling rate, and smoothed the interpolated trajectory with a moving average window (0.5 s long). Using the flight trajectories, we could now quantify the searching behavior of the bat. This was done by taking the mean of all turning points assuming that the bat was searching the area which it covered by flying back and forth. Turning points were identified for each trial ( Figure S2 , blue circles), their mean per trial was calculated and all means were then averaged across all trials to calculate the mean searching location of each bat for each condition. The width of the searching region around the mean location was defined as the mean distance between all pairs of consecutive turning points. The width did not significantly differ from the control in any of the different conditions tested in this study except under wind and the 50% fastest flights (Table  S2) . Flight speed was estimated by calculating the derivative of the 1D trajectory over time. The mean of the absolute speeds in the entire trial was taken for reporting the mean flight speed and the mean of the fastest 10% speeds were taken to estimate the maximum speed. To find the deceleration points we used the first derivative of the movement. We then fit a spline curve to the peaks of the first derivative which we manually marked (dashed line in Figure S2 ) and took the peaks and troughs of this spline-fit as the points where the deceleration begins (the velocity changes its direction so the second derivative is zero).
Video recordings and light measurements
We used video recordings to monitor the lateral position of the bat relative to the side walls. Recordings were performed using six wide angle cameras (GhostStop full spectrum POV 4k HD) which were positioned on the floor near 6 of the microphones (at 5, 10, 15, 20, 30, and 40 m along the corridor). Video was recorded during the whole experiment (except in the wind condition). The videos were analyzed using an in-house software written in MATLAB (Mathworks, 2016b). The bat's center-of-mass was manually marked in every frame (in the relevant camera). This allowed determining the lateral position of the bat relative to the side-walls of the corridor. We estimated the target-strength of the combination of the microphone and camera as À31dB (at 1 m, see below) which was similar to the floor's target strength (À30 dB at 1 m) . Because the dirt-floor was far from perfectly smooth, it reflected echoes even when sound impinged on it in an angle. Light levels inside the corridor were measured using a Fourier Education MultiLogPRO light detector (SPM068, ILT1700).
Estimating the wingbeat rate In order to verify if there was a change in the wingbeat rate when carrying extra weight, two high-speed infrared cameras (OptiTrack, NaturalPoint) were placed on the corridor's floor 3 m apart at around 10 m inside the corridor and two bats were flown in control trials, which were not quantified in any other analysis. Analyzing these videos was performed as noted above for the video recordings, with the exception of marking the bat's wing (and not center-of-mass) in each frame. The wingbeat rate was then estimated by taking the average wingbeat period. Wingbeat rate increased by 24.2% ± 1.3 when carrying (1.5 g) additional weight (Mean ± SD for two bats). Wingbeat rate often decreases when flying faster, but in such low flight-speeds the opposite has also been observed (S. Swartz [an expert on bat flight], personal communication).
Estimating the detection range of the tulle walls We used peak pressure for all acoustic estimations in this paper. The target strength of the tulle walls blocking the corridor on both ends (including the human experimenter) was measured using ensonification. A calibrated ultrasonic microphone (GRAS 40DP 8In., G.R.A.S.) was mounted on a tripod facing the tulle walls perpendicularly at a distance of 1 m. The microphone was connected to an A/D converter (Hm116, Avisoft Bioacoustics) and recorded audio at a sampling rate of 250,000Hz. An ultrasonic speaker (Ultrasonic Dynamic Speaker Vifa, Avisoft Bioacoustics) was connected to an A/D converter (UltraSoundGate Player 116, Avisoft Bioacoustics) and faced the tulle walls. The speaker transmitted 3 ms chirp pulses (80-20kHz) for 15 s and the microphone picked up the echoes. The relative reflected energy was compared with the emitted energy to estimate the target strength (see Boonman et al. [46] for full details) which was ca. À18 dB (at 1 m). This procedure was also used to estimate the target strength of the reflective poles, the corner reflectors, the floor and the microphones (see below). To estimate the bats' emission levels, the calibrated ultrasonic microphone was mounted on the platform pointing toward the bats flight direction. Using the tracking data, we could estimate that the loudest calls emitted by the bats in the corridor reached ca. 100 dB peak SPL (at 1 m from the bat's mouth). These two parameters allowed us to estimate a maximum 12 m detection range of the tulle walls blocking the corridor. To estimate the atmospheric attenuation constant (alpha) we used a temperature of 25 degrees and 70% humidity.
Several steps were taken in order to assure that we overestimate the detection range: (1) The experimenter which was standing at the corner of the wall during the experiments was ensonified in the center of the wall thus increasing the target strength. (2) The loudest echoes reflected from the walls were chosen to estimate the maximum possible target strength. (3) The loudest calls were used to estimate the bat's emission intensity. (4) We assumed a detection threshold of 0 dB SPL (while some authors assume a less sensitive hearing level with a threshold of 20 dB SPL).
Estimating the poles' echo intensity
The intensity of the poles' echoes at 1 m were estimated by playing a bat-like chirp with the same intensity of the bats (100 dB see above) and recording the echoes with a calibrated microphone (GRAS 40DP 8In., G.R.A.S.) positioned near the speaker. This procedure revealed that the mean echo intensity received by a bat at a distance of 1 m from the poles-a typical distance in the experiment-was at least 65 dB SPL. This means that the echo intensity in the bat's ear routinely reached 65 dB SPL, far above its sensitivity and thus the poles were easily detectable. The poles' target strength was estimated as noted above and found to be ca. À24 dB (at 1 m).
Estimating additional target strengths
We used exactly the same method reported above to estimate the target strength of the corner reflectors, the floor and the microphone + camera combination. The floor's echoes were recorded with a 45 degrees angle (not from above) to validate that the bat would receive an echo not only from below. The microphone + camera hung in air in front of the speaker to assure that only their echoes were recorded (excluding the floor echoes).
QUANTIFICATION AND STATISTICAL ANALYSIS
Permutation t tests [54] were run with 10,000 iterations for individual analysis and t tests were used for group analysis despite the small sample size after consulting with an expert (Y. Benjamini [55] ). Pearson correlation was used to examine the correlation between flight speed and searching or deceleration locations. All analyses were run in MATLAB. All of the statistical information can be found in the main text including the statistical tests used, the sample size and the definitions of the center and dispersion.
DATA AND SOFTWARE AVAILABILITY
Data and Batalef software code for reconstructing flight trajectories are available in Mendeley Data at https://doi.org/10.17632/ f6mvhj5gj9.3.
